A quantum mechanical probe of surface and adsorbed layer structure is presented based on the photodissociation of ordered hydrogen halide adsorbates. The photolysis of the adsorbate molecule released atomic hydrogen which scattered from the surface as well as from neighboring adsorbed molecules. The coherent character of the hydrogenic wave function formed in the photodissociation process proved to be a revealing probe of the surface and of nearby adsorbates by way of localized atomic scattering (LAS). The dynamics of the H-atom motion were modeled by the time-dependent Schriidinger equation. This study includes two-dimensional simulations of the photodissociation of a single HBr molecule adsorbed on LiF(OO1) as well as photodissociation in full mono-layer and bilayer systems. It was found that for photolysis of an isolated adsorbate molecule, depending on the separation of the adsorbate from the surface, the angular distribution showed either a single specular peak (small z) or diffraction (larger z), while for higher coverage a series of diffraction peaks as well as peaks which corresponded to trapped unstable periodic orbits were observed. The quantization rules of these periodic orbits were identified and served as a link between the observed angular distribution and the structure of the adsorbed layer(s) .
I. INTRODUCTION
In recent years, the interaction of W radiation with adsorbed species on various substrates has become an active area of research.' Such an interaction may lead to a variety of outcomes, including photodissociation, photoreaction, and photodesorption. In the case of adsorbate photodissociation, the photofragments have been observed in dynamical studies to scatter from the surface into the vacuum. The scattering of these photofragments can involve both collisions with the substrate and with other adsorbates prior to desorption. This latter effect evidences itself in a broadening of energy and angular distributions,2 as well as in adsorbate photoreaction. ' If the adsorbates are aligned, oriented, and positioned in a pattern with respect to the surface, the angular and translational energy distributions of the scattered photofragments should show interference effects. This is particularly likely to be true if one of the photofragments is a light atom such as hydrogen. The diffraction should reveal the structure of the surface and, at higher coverage, that of the adsorbed layer.
A number of studies have been reported in which a hydrogen-containing adsorbate was photodissociated. Two of these studies were related to HBr (Ref. 2) and H2S (Ref. 3) adsorbed on an LiF(OO1) surface. In both these studies the photon-adsorbate interaction resulted in the formation of atomic hydrogen which was detected in the gas phase. Translational energy and angular distributions of the desorbing H-atoms differed markedly from those for gas-phase photodissociation. These differences were attributed to interactions with the substrate and the coadsorbed species.2'3 Angular distributions, which were being measured for the first time, were not measured with the precision required to reveal diffraction patterns.
The present work is complementary to threedimensional (3D) stochastic classical trajectory (SCT) studies which constitute parts II, IV, V, and VI of this series of papers on the theory of HBr/LiF(OOl > photodissociation dynamics.&' Paper II of this series deals with nonreactive scattering of H from the surface, paper IV deals with reactive and nonreactive scattering of H from co-adsorbed molecules up to one monolayer and from the surface. Paper V extends this study into HBr multilayers, where photolysis can occur in the first or higher layers. Paper VI considers other hydrogen halides. The present work, involving a two-dimensional (2D) quantum mechanical treatment of H-atom scattering, is intended to answer two questions: (i) Is the classical treatment of H scattering in other parts of this study a reasonable approximation; and (ii) what are the qualitative quantum mechanical features expected from the potential which has, for the SCT case, given a reasonable simulation? In this respect, the present work continues, and may be contrasted to, an earlier quantum study of a model system8 related to recent experimental work.2,3 Quantum effects in the distributions of the photodissociation products were shown in the earlier study to be a sensitive probe of both surface and adsorbed layer characteristics.* The present work extends Ref. 8 to the case of a realistic potential for HBr(ad j/ LiF( 001) and compares the findings to classical studies to be found in parts II and IV of this series.495 In conformity with earlier usage,4 we denote this type of scattering study, in which the scattered atom interacts with a restricted region on the surface, as localized atomic scattering (LAS).
In the following we shall briefly compare the main features of the LAS approach with thermal energy atomic scattering (TEAS) which is a widely used method for the study of the structure of the outermost layer of clean and adsorbate-covered crystalline surfaces constitutes.g-23 In these experiments, an approximately monoenergetic wellcollimated atomic or molecular beam of light particles (i.e., H-or He-atoms or H, molecules) is scattered off the surface under investigation. A monoenergetic beam with a well-defined direction can be described quantum mechanically as a plane wave with known initial wave vector k. It should be noted that the long coherence length of such a plane wave is the reason why TEAS is a sensitive probe of long-range order. '27'3 The interaction of this plane wave with the surface or the adsorbate layer leads to a scattered superposition of plane waves. The periodicity of the surface or the adsorbed layer imposes a selection rule on Akll which leads to the appearance of diffraction peaks. (111) cut. The molecule at the right hand side is the adsorbate that will be photolyzed to produce a hot H-atom. The molecule on the left hand side is the target adsorbate. Its H-atom end is protruding out from the plane of the paper (it is absent from this 2D study). Van der Waals and ionic radii used are to scale.
An angular detector having adequate resolution, combined with time-of-flight measurement, allows detection of the magnitude and direction of the scattered vector k". This information can be used to measure inelastic processes such as the coupling of the probe beam to the surface phonons." It should be emphasized that the TEAS method is sensitive only to the outermost layer of the substrate. Thus, if the system consists of single or multiple layers of adsorbates, the information obtained by the TEAS approach will relate only to the symmetry of the top layer. present work have been shown to give a good description of the HBr/LiF( 001) system as regards alignment and orientation of the adlayer.4,5,24 In Sec. II we shall give a short account of this theoretical potential, and the timedependent technique used to model LAS. In Sec. III we discuss the results of simulations for a single adsorbate, one monolayer ( 1 ML), and two monolayers (2 ML). The final section gives a summary of the results.
II. THEORETICAL MODEL
The preparation of the initial projectile state in the LAS approach, by contrast, makes it an appropriate method to study the nature of the substrate-adsorbed layer interface. The main difference between TEAS and LAS, both of which are based on the detection of photodissociation product, is the location at which the hot projectile atoms are formed. The H-atoms formed in the photodissociation process can, as in the case of the TEAS atoms, be described by a long-range coherent wave. However, in the LAS method the formation of the photoproduct hydrogen can be represented by the creation of a coherent wave packet at a specific time and at a localized position with respect to crystal and co-adsorbate. The ability to preposition the wave packet on the surface is central to LAS. The magnitude of the initial wave vector of the hydrogen may be controlled by variation of the wavelength used for adsorbate photodissociation. In addition, the orientation of the initial k vector can be controlled by choice of precursor (the photolyzed molecule), substrate, surface coverage, and in some cases by coadsorption of nonactinic species.
A 2D model has been shown to be capable of predicting the main qualitative features of the full 3D system.' Since the analysis of the 2D results is much simpler than that of the full 3D case, the present work is restricted to a 2D study of the HBr/LiF( 001) system. This approximation is justified by the classical results which at low T, show alignment effectively creates a 2D plane of interaction, as depicted in Fig. 1 . This 2D plane is perpendicular to the crystal surface along the ( 111) direction. Figure 1 shows the 2D cut as well as the typical adsorbate orientation, with ionic and van der Waals atomic radii and the adsorbate bond length drawn to scale.
In the following we describe a theoretical study which simulates a LAS experiment in which HBr molecules are adsorbed on a LiF( 001) surface. The interaction potentials between the hydrogen atom and the ionic surface as well as between the H-atom and coadsorbed HBr molecules are markedly different from those used in Ref. 8 which described a model study. The potential functions used in the Theoretical24 and experimental2P25 results suggest that HBr adsorbs on lithium fluoride with a binding energy of approximately 6 kcal/mol. The adsorption site corresponds to the Br-atom positioned above a Li+ with the hydrogen end of HBr(ad) pointing toward one of the four neighboring F-, as shown in Fig. 1 . It was found experimentally 2492s that the molecule had the hydrogen end tilted down by approximately 113 f 5" with respect to the surface normal. Thus, in our 2D model the LiF(OO1) surface is represented by a row of alternating F-and Lif ions as substrate, with the photodissociating HBr molecule adsorbed along this row of surface ions, and tilted downward (adsorbate molecule at the right in Fig. 1 ) . In the simulations of a monolayer or a two-layer system, the target HBr molecule (the left-hand adsorbate in Fig. 1 , which has H behind or in front of the Br) is assumed to point with its H-end toward an F-ion in a plane perpendicular to that used in this simulation. Similarly, the other HBr molecules are assumed to have their hydrogen ends lying outside of the 2D plane. The photoproduct H will interact only with the Br-atoms lying in the 2D cut of the surface shown in Fig. 1 , and not with any out-of-plane hydrogens. This approximation is justified by the large size of the Br-atom which for all practical purposes screens the photofragment H-atom from the other H-atoms, giving rise to symmetrical distributions of the azimuthal angle of the scattered H-atom, as seen in the classical analog to the present study.4
The notation for angles is as shown in Fig. 2 . All angles are measured with respect to the surface normal. Note that the 2D nature of this calculation obviates use of azimuthal angles. For consistency with the notation introduced in previous work on the structure of surface adsorbatesz4 and higher coverage5-7 we refer to the tilt angle 19 measured as the angle between the surface normal and the bond vector, which is anchored to the normal at the Br-end and has the H-end of the adsorbate pointing toward a surface ion. [The angle of incidence to the surface plane deiined as 8 in paper II (Ref. 4 ) is merely the supplemental angle of the present tilt angle used here.] The scattering angle 8' is as in papers II, IV, and V. The convention we adopt is that for initial values no superscripts are used, after a collision with the surface single primes are used, and if a subsequent scattering event occurs, for example, with a neighboring adsorbate, then a double prime is used. This convention is illustrated with respect to the angle of orientation 8 in Fig. 2 . The height is referred to as z and is measured from the line containing the centers of the surface ions.
A. Interaction potential A detailed description of the form of the interaction potential between the H-atom and the LiF(OO1) surface has been given in Ref. 24. This interaction is described by the Tang-Toennies functionz6
is a phenomenological damping function. In Eqs. ( 1) and (2), r represents the distance between the hydrogen atom and the surface ion, C,, are coefficients of the dispersion series while A and fl represent the strength and range of the Born-Mayer repulsive term, respectively. Only the first two terms in the dispersion series were used in the present calculations. The procedure by which the various parameters in Eqs. (1) and (2) were obtained is described in Ref.
24 and paper II4 of this series.
Due to the very small polarizability of the hydrogen atom, the Tang-Toennies function of Eq. ( 1) is basically a corrugated repulsive potential. It should be noted that the potential parameters used in the present calculations represent the interaction of a free hydrogen atom with the LiF( 001) surface, namely, the interaction after the parent HBr molecule has been photoexcited. Different parameters are used for the molecular hydrogen-surface interaction when the H is bound in a molecule;24 when these were used in modeling LAS, a significantly different angular distribution was obtained as compared with a parallel study in another laboratory that treated the bound and the free H identically.27
A description of the interaction potential between the H-atom, its parent Br-atom, and neighboring HBr molecules, can be found in Ref. 24 and in paper II. In the stochastic classical trajectory studiesk7 we used a repulsive exponential function to represent the excited state potential of the precursor HBr molecule as it photolyzed. The interaction of the H with coadsorbed HBr molecules was modeled using Lennard-Jones (LJ) (6-12) functions with the appropriate parameters.4p6 '7 In the present 2D study, to maintain symmetry, we have used a repulsive exponential function to describe the interaction of the H-atom with each Br-atom in the system under investigation:
where the sum in Eq. (3) runs over all Br-atoms. The two parameters B and a were determined by requiring that at the HBr equilibrium separation, i.e. 1.41 A, the exponential potential must have a value equal to the excess photon energy (defined as E,, later), while at a separation of 3.14 A, which corresponds to the value at which the HBr LJ (6-12) crosses V=O, the exponential function was required to decay to one percent of its value at the equilibrium separation. Thus, the very shallow well of the LJ potential of the excited state was neglected. This approximation is justified in view of the large amounts of energy in excess of the binding energy imparted to the system, rendering the effects of the well negligible.
B. Time-dependent solution
The outcome of a scattering event was calculated by solving the time-dependent Schrodinger equation ifi ay (&st) at =s?Y!(x,z,t)
H for the H-atom using a Hamiltonian with the potential described earlier. Note that the Hamiltonian does not provide for motion of particles other than atomic H; the surface cannot therefore be involved in energy transfer. By contrast, the Br-atom and energy transfer to the substrate were included in all the classical studies.4-7
The photodissociation process as assumed to be initiated by an infinitely short laser pulse. According to the Franck-Condon principle, a short pulse corresponded to a vertical transition from the ground state to the excited electronic state." By the uncertainty principle, the use of an intinitely short pulse meant that a full range of frequencies was applied. As a result, care must be taken in the interpretation of the wave function since Y(t) is not the energy-resolved wave packet formed experimentally.* A more rigorous treatment of the time evolution can be obtained if the nature of the electronic state and the transition dipole moment to it are well-understood."
The initial wave function on the upper potential describing the H-atom, Y (t=O), was represented by a 2D Gaussian wave packet. This approximation of Y (t=O) assumed a harmonic potential for the ground state of the HBr molecule and a linear form of the potential for the excited state, as previously discussed.* Initially, the hydrogen atom was assumed to have zero momentum. The photon energy, E(h), excites the molecule to the repulsive state, hence, it must provide electronic excitation energy and overcome the H-surface repulsion:
where the last term is V(r) in Eq. ( 1). As the atoms separate, the excess energy
is converted into translational energy, ET (which we superscript with a prime symbol according to the number of collisions that have occurred, usually two in the present study). Here, O,( H-Br ) is the bond dissociation energy of HBr. At infinite separation EF=E,,. Note that it is this final translational energy which is denoted as E& and that E,, and EF are not necessarily equivalent. Only one excitation wavelength is chosen, corresponding to only one excess energy, whereas the post-scattering wave function covers much of (k,,k,) in the momentum plane and consequently has a range of translational energies. Hence, the asymptotic momentum picture leads to the identification of 8' as the experimental scattering angle and the peak, or maximum density of the wave function, E$, as the atomic product energy (or, in the case of further collisions, 19" and E;). Due to the H/Br mass ratio the excess energy would be channeled predominantly into the motion of the H-atom; exclusively so in the present calculation. Upon photodisso-ciation, the H-atom k vector was directed along the molecular axis. The excess energy, the molecule-surface distance in the z-direction (along the surface normal), and the orientation of the molecular axis were fixed for a given calculation. The dependence of the dynamics on these parameters is the central topic of this paper.
The hydrogenic wave function was evaluated on a 256 X256 two-dimensional grid of uniform spacing. The cell size used in all the calculations was Ax=Az~O.15; a.u. =0.078 710 9 A. The momentum-space grid is Ak,=W (2Ax). Calculation of the Laplacian (kinetic energy) operator on the right-hand side of Eq. (4) was greatly simplified by use of the Fourier method which evaluates derivatives using linear techniques. The time propagation on the left-hand side was carried out by a Chebychev polynomial expansion of the evolution operator;30 a detailed description of the method can be found in Ref. 31 . In the present calculations we have displayed the wave function in coordinate space approximately every 12 fsec (500 a.u.).
As in the classical studies, periodic boundary conditions were used for boundaries perpendicular to the surface (periodic for motion parallel to the surface along the x direction in this 2D case). At large z values an optical potential of the form V,,(z) =a, exp( -KZ) (7) with ~=2.0 A-' and K,=O.l eV was used to create an absorbing boundary.8 As in the model study in Ref. 8, two visualization tools were used: (a) projection of the absolute value of the wave function in coordinate space, and (b) projection of the absolute value of Y in k space. The first representation allows one to determine the time at which the asymptotically constant potential region is reached. The second allows one to resolve the angular and kinetic energy distributions. The reader should note that in some of the k space plots shown below, only the high intensity contours will be shown, whereas in other cases the low intensity contours will be included to illustrate special features.
The analysis of the asymptotic wave function was performed using the momentum space representation of Y (k,t) To analyze the asymptotic Y(k,t) we first filtered out from the wave function that part which remained near to the surface. This was the trapped (low-energy) part of the wave function. To do this, we multiplied Y by a continuous filtering function of the form
where zo=2-5 A, depending on the amount of excess energy used in the calculation, and y=5 A-'. Next, the wave function was Fourier transformed into momentum space. The Cartesian coordinates were transformed to polar co-ordinates in momentum space, where E$= (k2,+e)/(2m) described the energy and 0' =tan-'(k,/k,) described the scattering angle. Thus, a given energy-resolved experiment is described by a constant radius in the (k, ,k,) momentum plane.
C. Approximations
The model calculations in Ref. 8 showed that the qualitative as well as the quantitative features of the observed diffraction pattern in two dimensions were also obtained in three dimensions. We expect a similar 2D-to-3D transferability in the present system; in addition a full 3D calculation is underway.2g Due to alignment at low T,, Ref. 4 has shown that nonreactive H-atom scattering is well approximated as scattering within a plane. The approximations we have made to "real" behavior at the surface involve modeling the surface, the parent molecule, its photolysis, and its neighbors. We do this by ignoring (a) small effects in excited state photodissociation due to parent orientation and position, (b) surface effects such as thermal motion, and (c) co-adsorbate effects, reactive and nonreactive (with the exception of nonreactive scattering along the 111 plane).
If the excited adsorbate potential and the transition dipole moments were known, the photodissociation process could be treated in greater detail. The approximation of ignoring small variations from the equilibrium geometry in the parent molecule position and orientation will be investigated in some detail in Sets. III A and III B later. This study did not explicitly model a canonical distribution but instead explored a few representative z and 8 shifted cases. In a real system, the molecular axis orientation and the position of the adsorbate above the surface exhibit a range of values determined by the distribution functions of these quantities. A weighted average of the representative cases considered at a given temperature should in fact be used. For example, the width of the 8 distribution at 80 K was found to be 12°.24 However, at low temperature, the distribution narrowed considerably,4 hence the average values should provide a good representation.
The second approximation was to ignore surface motion. The present study has assumed frozen coadsorbed molecules and a surface with no thermal motion or recoil. Inclusion of such effects would lead to some broadening and increased complexity of the diffraction patterns. The classical investigations reported in papers II, IV, V, and VI of the present series incorporated surface effects through a version of the generalized Langevin equation approach.33 To determine the nature and magnitude of these surface effects in our wave packet study, we plan to extend this and the 3D studies to include the thermal motions in the system.2g This can be achieved by invoking the TD-SCF approximation28'34'35 according to which the motions of surface atoms and the adsorbates will be treated classically while the motion of the projectile H will be solved quantum mechanically; the two sub-systems will then be coupled and their motion solved self-consistently.
Third, the presence of co-adsorbates can have an important effect, This is largely taken into account in the present study. However, we have considered only Br-atoms in the ( 111) plane, due to the 2D restriction. An extension to three dimensions includes the full interaction potentials with the entire set of neighboring HBr molecules.2g The inclusion of interactions with the H in HBr and with the HBr molecules not in the ( 111) plane will change the symmetry of the problem, leading to differences in the diffraction patterns as compared with those reported here. However, the classical results indicate 2D behavior, thus the effect of H-atoms is not large due to the size of the Br-atoms which screen the H-atoms. A further complicating factor in the deconvolution of experimental spectra is the possibility for reaction between the projectile H-atom and co-adsorbates. Such a possibility-which is not included in the present studyhas been examined in the classical case through the use of a London-Eyring-Polanyi-Sato (LEPS) model for H+HBr(ad).596
The possibility of reaction can be controlled by selection of adsorbates and excitation wavelengths. At low coverages ( < 1.0 ML) our results' indicated a reaction probability of up to 28% when islanding occurred and up to 20% when the adsorbates did not form islands. Furthermore, they indicated that there are two very different energy regimes for the product H-atom: high energy for direct nonreactive scattering and low-energy for H-atoms formed in the H+HBr exchange reaction. The angular distributions obtained for the high-energy H would be free of interferences due to chemical reactions and, therefore, could be described by the present model. This simple separation of nonreactive from reactive collisions is, however, no longer possible at coverages > 1 ML, since H-atoms involved in nonreactive encounters as well as those involved in reaction give low-energy H predominantly if they originate beneath the uppermost layer. This can, however, be remedied by substituting a nonreactive HX collision partner such as HF.7
Ill. RESULTS AND DISCUSSION

A. Single HBr adsorbate molecule
The first system considered was a single HBr molecule adsorbed onto the LiF(OO1) surface with the molecular axis tilted by 115" with respect to the surface normal, excited by a frequency of radiation leading to an excess energy, E,,= 1.5 eV. For this polar angle of orientation, the specular scattering angle is 8' = 65". Figure 3 shows the potential surface of the H interacting with the crystal and parent Br over half of the full extent of the grid along the surface normal. The surface corrugation can clearly be seen in Fig. 3 as well as the position of the parent Br-atom. Here, the Br-atom was located at its equilibrium position, a distance of 2.4 A from the surface plane above a Li+ ion. The black dot in Fig. 3 represents the initial position of the hydrogen atom.
The wave function in coordinate space for four different time values is shown in Fig. 4 . The initial wave function was a highly localized one [ Fig. 4(a) ], spreading out for later time values. The sequence of events was (i) the H-atom collided with a localized region on an F-ion after about 50-100 au. (100 time a.u.z2.5 fs) moving toward negative z; (ii) most of the wave function was reflected by the surface and began to travel along positive z; and (iii) a very small portion of the wave function was trapped between the Br-atom and the surface (not visible in Fig. 4 due to the low value of the intensity). The spatial extent of the hydrogenic wave function, 6x, can be estimated by8 fit 6x=7 _
A-QPU , .
where A+ was the initial width of the wave packet in the ground state, p was the reduced mass, and t stood for time.
In the present calculations we have used Ax,=O.lS a.u. which gave a spread of approximately 0.15 A for 100 a.u. of time. This small spread of \I, (t) = 100 a.u. meant that the wave packet interacted with only a very localized region of the surface, hence, diffraction due to the corrugation of the surface was not observed. Most of the wave function was scattered at an angle slightly smaller than the specular angle, the latter being shown by a dashed line in Fig. 4(d) . This deviation of the scattering angle from the specular one was due to the interaction of Y with the corrugated potential at an F-ion. A similar result was obtained in the classical simulations of this system.4t5 Classically, the H would be reflected from a tangent to F-that was-tiled toward the normal, away from the plane of the surface.
In Fig. 5 the wave function was repeated in momentum space, but shown for only three time values. Again, the highly localized initial wave packet is seen in Fig. 5 (a) and the spread of Y(k) for longer times is evident. Asymptotically, the specular angle in momentum space looks identical to its depiction in coordinate space; for reference the specular angle is sketched in Fig. 5 (b) . Asymptotically, \I, (k,t) had positive pz, so no pattern appears in the southwest (SW) or southeast (SE) quadrants in Fig. 5 (c) . It is clear that most of the wave function is scattered off the surface at an angle (7, which is smaller than the specular angle. The asymptotic Y (k,t) has constant-energy circles superimposed, E$-, shown in Figs. 5. The peak of the w(k,t) contour is intersected by the 1.5 eV circle because the wave-packet calculation was carried out with an excess energy E,, = 1.5 eV and no energy was lost to the surface in this simulation.
Also. shown in the uppermost panel of Fig. 5 are four quadrants. From 8' = -90" to 0" is the outgoing (northwest or NW) quadrant, and from 6' =o" to 90" is the incoming (northeast or NE) quadrant. At ET= 1.5 eV, the peak of the outgoing wave function is found at approximately -45".
When similar calculations were performed for other excess energies, E,,, their asymptotic angular distributions (at E$=E,,) corresponded to different final angles, 8'. This is evident in Fig. 6 , which shows the angular distributions of the scattered H-atom at an initial 8= 115" and E$-=E,,= 1.0, 1.5, 2.0, and 2.5 eV. Note that these results, shown in Fig. 6 , correspond to four different calculations in which the excess energy was varied and the peak position 8' peak was found on the circle E$= E,,; the H-atom dynam- its were evaluated on different potential surfaces with differing excited-state potentials for H-Br. A decrease in the value of E,, meant that a lower point on the H * Br repulsion curve of the excited state would be accessed. As discussed. in the classical case,4 decreasing the excess energy resulted in a shift in the peak of the angular distribution toward the surface normal (lower 0'). This trend was related to the more extreme tilt of the tangent to the target F-site at the position where the classical turning point of the H-to-surface movement occurred. By contrast, as the energy was increased, the H-atom could penetrate more deeply into the F-contours as shown in Fig. 3 , and the tangent at the H-atom turning point lay more nearly parallel to the surface plane. This is illustrated in Fig. 3 of paper II.4
A similar trend was observed when the initial orientation of the molecular axis, 8, was varied. The position of the peak in the angular distribution ok,, for various E,, values and three 8 values are summarized in Fig. 7 . The point which corresponds to E,,= 1.0 eV and 0= 120" is missing since with H tilted down by 30" from the crystal plane the repulsion between H and the surface exceeded 1.0 eV. These results indicate, that for increasing values of E,, at a given 8, for reasons already discussed in the previous paragraph, the scattered angular distribution peaks occurred at increasing O;leak As would be expected, an increase of the tilt angle 8 resulted in the peak of the scattered angular distribution shifting toward a smaller angle. The wave packet in these instances mimics a purely classical particle: the coherent hydrogenic wave function does not have enough time to spread before it collides with the repulsive potential, hence, it samples only a small region of the surface and is reflected without evidence of a diffraction pattern, Thus it is not surprising that there is good agreement with the classical simulation of this system as modeled in paper II.4 As shown by the dashed line in Fig.  7 , there is a discrepancy between the classical and quantum methods only at low energy where the classical model for hydrogen is less valid.
Several scattering calculations were performed at other TABLE I. Effect of n shift on the location of the peak in the atomic product angular distribution, t9;lcak, as a function of excess energy, E, (measured in eV). The size of the shift from the equilibrium position is Ax (measured in A). All angles are given in degrees.
4, (ev) positions along the x axis (shifted parallel to the surface). These results are summarized in Table I , which shows the location of the peak f~$',,~ in the scattered angular distribution as a function of the shift Ax and the excess energy. As expected, the peak of the angular distribution of the scattered atom was altered significantly due to localized atomic scattering. This emphasizes the importance of the adsorbate positions being in register with the surface. No evidence was found for diffraction, in contrast with what is reported in the following section for the z-shifted case.
B. Single HBr, z-shifted
To investigate the importance of adsorbate-surface separation we simulated the dynamics of the hydrogen atom of a system where the Br-surface z distance was increased by 0.4 & to 2.8 A. This shift is of the order expected if the halogen end of HX were X=1. The asymptotic wave function, in the momentum representation, for 8= 115" and E,,=2.0 eV is shown in Fig. 8 . Compared to Fig. 5(c) we see that again the main part of the wave function is scattered in the forward direction, but with a peak 8' smaller than the true specular angle. The inset to Fig. 8 shows the angular distributions observed for three different semicircular energy cuts, i.e, three E& obtained from a single E,, calculation. An additional structure of lower intensity peaks with a broad angular distribution is evident. These peaks correspond to part of the wave function which is trapped between the Br-atom and the neighboring F-ion. For the previous adsorbate-surface separation (2.4 A), the Bratom was too close to the surface for the hydrogenic fimction to be able to penetrate into the region directly below the bromine atom; as a result the energy-resolved angular distributions were featureless especially in the neighborhood of E&=E,,. Increasing the distance between the Br and the surface, as we have done in this section, results in the penetration of low-energy regions of the potential surface in between the bromine and the closest surface fluorine ion, with the result that part of the wave function becomes trapped. This trapping can be attributed to an unstable periodic orbit whose quantization leads to a series of equally-spaced peaks in the NW quadrant. In the inset of Fig. 8 , this evidences itself as shoulders on the angular distributions.
The spacing between the diffraction peaks is
where L in this case is the distance between the Br-atom and the nearest F-. This is a semiclassical quantization rule.* The range of E& for scattered atomic H evident in Fig. 8 is due to the use of an infinitely short and, therefore, energy-broadened, excitation pulse. In order to obtain an experimental set of P(W) curves corresponding to those shown in the lower panel of the figure, it would be necessary to vary the photolysis wavelength.
C. Single HF adsorbate molecule
Variation of the chemical identity of the adsorbed species allows one to obtain photorecoiling H-atoms with different initial orientations and aiming points. An extreme ~example of varying H-atom angular distribution resulting from altered orientation of the molecular axis was manifested by wave-packet simulations of a single HF molecule adsorbed on the LiF surface. A Monte Carlo study of the equilibrium geometry of HF on LiF(OO1) (to be reported in paper VI of this series) predicted that the molecular axis would be perpendicular to the surface with either the F-end down (above a Li+ site) or the H-end down (above a F-site).' In terms of binding energy to the surface, the two adsorption geometries were equivalent. The H-end down geometry is shown in the SW quadrant of Fig. 9 . The asymptotic wave function for an H-down HF molecule with E,, = 2.5 eV is shown in the upper quadrants of Fig. 9 . The observed diffraction peaks were attributed to the quantization of an unstable periodic orbit of the H-atom trapped between the F atom and the surface. The distances between these peaks, Ak, and Ak, in Fig. 9 , were inversely proportional to the F-surface distances denoted as "a" and "b" in the inset, where the relation between these distances and the corresponding Akj values is given by Eq. ( 10). The angular distribution for the energy-resolved (E$=2.5 eV) circular cut "c", shown from 0" to go", is plotted in the southeast quadrant for a -90" to 90" swing. The wave function was symmetric about the surface normal. The "zone of silence," extending from -45" to +45", was due to the presence of the larger atom on top.
D. HBr monolayer
The case of one monolayer ( 1 ML) of HBr adsorbed on LiF(OO1) will be treated classically in paper IV of this series5 (Note that both reactive and nonreactive events are included in that treatment, whereas in the present work we only treat nonreactive scattering.) The 2D cut through the 3D potential needed for the present quantum calculation at 1 ML is shown in Fig. 10 (note that as in Fig. 3 , the scale has been doubled along the z direction as compared with x). The initial position of the H-atom photofragment is denoted by the black dot. The surface corrugation is evident in the six contours shown. At 1 ML the hydrogen in 3D points toward the neighboring Br-atom. The 2D representation (Fig. 10) shows this. The asymptotic wave function for an excess energy of E,,=2.0 eV and a tilt angle of 8= 115" is shown in Fig. 11 . Figure 11 contains only the high intensity contours for Y(x,z,f) in the normalized intensity range of 0.3-1.0. The "simple" (i.e., single, nondiffracted) scattering peak, which appeared previously in the NW panel of the single adsorbate case [Fig. 5 (c) l, is replaced by a more complicated diffraction pattern in this monolayer case. Inspection of the asymptotic wave function in Fig. 11 shows a wide peak scattered in a backward direction with respect to the H-atom velocity .~ vector, together with a sequence of equally-spaced narrower diffraction peaks. Predominantly backward scattering was characteristic of all high-coverage cases. The successive peaks in the more forward direction arise from higher-order diffraction; accordingly, they are further removed from the specular angle.
These observations are related to the following sequence of events, as depicted schematically in the inset of Fig. 11 . The photofragment H-atom scatters from the surface and collides with the nearest-neighbor Br-atom from which it is reflected to the vacuum. As discussed earlier, an increase in the initial downward tilt angle 8 yields (in the case of a single adsorbate) a scattering angle which is closer to the surface normal. A greater downward tilt leads in the classical picture to a collision with the neighboring adsorbate at an impact point which is located at a larger z' value, as shown in the inset of Fig. 11 . In the time interval it takes the wave function to reach the classical impact point with the surface, the wave packet has been broadened by approximately 1 A. Hence, Y(x,z,t> is broader and is able to interact with a large fraction of the target's surface. The observed Fraunhofer diffraction pattern is a result of the interference between the parts of the wave function scattered by adsorbates, as well as those parts of Y which were scattered only from the surface. Thus, experimentally determined diffraction spectra can reveal information about the initial tilt of the molecular axis as well as the separation of H-Br from the surface. In Fig. 12 the asymptotic Y(k) is shown for three values of the tilt angle 8. Normalized intensity contours from 0 to 1.0 are shown. We consider first the highintensity peaks. Higher-order diffraction peaks as 8 increases from 110" to 120" can be observed in Fig. 12 . For these different tilt angles, the main difference in the diEraction patterns was found to be in the number of diffraction peaks. This, in turn, is directly related to the change in the position (regarded classically) of the point of impact Zimp at the neighboring Br as pictured in Fig. 13 . As the tilt 8 decreases (from the upper picture to the lower one), the [ ,;.e ._. .-.-._._._._. distance of the impact point above the surface, zimr, decreases. If Zimp is small enough, when the wave packet backscatters from the neighboring molecule, the H-atom can return and collide with the parent Br (lower picture of Fig. 13 ). This gives rise to broadly distributed lowintensity diffraction peaks discussed in the following paragraph. The low-intensity parts of the wave function in Fig. 12 reveal additional features of the photofragment scattering at monolayer coverage. The first corresponds to a set of additional diffraction peaks in the forward scattering direction clearly visible for the smallest tilt angle, 110". These peaks can also be seen in the lower left inset of Fig. 12 for f3= 1 lo", which shows structure in the final translational energy distribution computed for the scattering angle indicated by line "u" in the panel above it. These lowerintensity diffraction peaks are related to scattering in which part of the wave function is reflected from the target and returns to the parent Br-atom, i.e., is temporarily trapped as indicated in the lower part of Fig. 13 . This broader diffraction pattern extending far into the forward direction has a much smaller intensity for a tilt angle 8= 115", and cannot be observed for the steeply downward tilted angle of 19= 120". The progressive disappearance of the broader diffraction pattern for increasingly steep angles of orientation is related to the variation in zimP as illustrated in Fig.  13 . The probability of escape for the H-atom increases at increased tilt angle 8, and the corresponding decrease in trapping evidences itself in the narrower angular distribution (e.g., upper panel, Fig. 12 ).
Results for a monolayer of HBr adsorbed on LiF (001) are virtually identical to that of two neighboring adsorbate molecules. In contrast, the 3D thermalized classical studies show significant coverage dependence.' For the 2D case it would appear that only effects on the wave function due to nearest-neighbor interaction are of importance. The lack of coverage dependence is very different from the behavior described in the model studies of Ref. 8. The difference lies in the potentials: in the present study, the more highly repulsive interaction of the H-atom with the surface does not allow significant penetration of the hydrogenic wave function into the gap between the adsorbate and the surface when constrained to the 2D plane in the present study. Hence, the route by which a next-nearest adsorbate can most readily be "sensed" by the hydrogen is largely eliminated. As a result, it does not matter whether the H-atom encounters a single Br-atom or the first in a series of Bratoms. Once pairs of adsorbates are formed in the HBr/ LiF system, it is expected that the diffraction patterns observed at low coverages will be invariant with increasing coverage.
8= 115" 'at two Br-surface separations are shown in Figs. 14(a) and 14(b). In Fig. 14(a) the adsorbate was assumed to be at the calculated equilibrium position for HBr/LiF Br-surface distance of 2.4 ( A),4 while Fig. 14(b) corresponded to a system in which the adsorbate layer was shifted by 0.2 A to larger z. When the adsorbate was positioned at its equilibrium Br-surface separation a single peak was obtained in the forward direction. A similar forward-scattered single peak was observed at this E,, value for a single adsorbate molecule [Fig. 5 (c) ; note, however that this figure refers to a different E,,1. It appears that, for the equilibrium Br-surface separation, the wave function was barely influenced by the co-adsorbate. This is illustrated in the inset to Fig. 14(a) . However, once the position of the adsorbate was shifted to a slightly larger z value, a diffraction pattern was observed. The event in this case is described in the trajectory representation in Fig. 14(b) : the hydrogenic wave function is reflected to the same point by two mechanisms, one involving the neighboring adsorbate, with the result that quantum interference is observed. As a result, a broader zero-order peak and a number of higher order peaks (situated successively in the forward direction) are observed in the wave function of Fig. 14(b) . It appears likely that for an adsorbate situated further from the surface, e.g., HI rather than HBr, diffraction peaks indicative of the adsorbed layer geometry will be observed.
E. HBr monolayer, z shifted
As with the single adsorbate case, the pattern of the asymptotic wave function arising from a monolayer was found to depend on the height of the adsorbate above the surface. To investigate this effect, we chose an excess energy E,, half that used in the preceding section. The scattered hydrogenic wave functions for Eex= 1 .O eV and
We have utilized the 2D quanta1 calculations to examine the dynamics of the photofragment hydrogen in a model two-layer system. As determined in multilayer calculations,6 the symmetry of the HBr/LiF(OOl ) system is such that the best adsorption sites for a second layer of HBr molecules are outside the plane, i.e., they lie behind and in front of our chosen plane.5 Thus, a full threedimensional simulation would be preferable." However, in the present study the second layer of adsorbate was positioned in the bridge sites between the atoms of the lower layer. This second layer positioning was determined by projecting the real positions (which are bridge positions) onto the 2D plane. This model system should exhibit some of the qualitative features that distinguish one layer from two. Figure 15 shows the potential function for the twolayer system, with the location of each Br center noted. We shall consider a situation where the photorecoiling H-atom is initially located in the top layer, as indicated by the black dot in Fig. 15 , so that it travels initially downward. Figure 16 shows the wave function in coordinate representation at t=4500 a.u. for E,,= 1.5 eV and 8= 115". At the time illustrated in the figure, a substantial amount of the wave function has been reflected; however, a significant fraction remains trapped between the two layers. Since the hydrogenic wave function must escape to the vacuum through the narrow slit between the parent Bratom and the nearest-neigbbor second layer adsorbate, a complicated pattern of peak emerges.
In order to examine the angular distribution of the scattered H-atom, the corresponding asymptotic momentum-space wave function is shown in Fig. 17 . The top left-hand frame of Fig. 17 shows an angle-resolved cut "a" for the E> distribution. The corresponding product translational energy distribution is shown directly below in the lower-left panel. The energy distribution shown can be obtained experimentally with time-of-flight measurements with the detector fixed at a given angle. The initial excess energy imparted to the H-atom, E,,, and thus the photofragment final translational energy E$-can be varied through the selection of different photolysis wavelengths [cf. Eq. (6) and discussion following]. Note that the location of the peak in the E$-distribution depends on the angle of detection, a dependence that can also be seen in the low coverage Yk plots. The top right-hand frame of Fig. 17 shows the angular distribution at a fixed product translational energy, 1.5 eV, designated by cut b. The angular distribution is shown directly below in the lower right inset of Fig. 17 . A pattern of diffraction peaks is observed, symmetric with respect to the surface normal. This diffraction pattern can be attributed to the existence of one (or more) unstable periodic orbits between the parent Br in the upper layer, its nearest neighbor in the same layer, and the adsorbate atom in the bottom layer located between these two top-layer particles. Since the present system serves as a model only, we have not examined the periodic orbits in detail. However, it is evident that were these orbits identified, their quantization rules together with the measured distance (in momentum space) between the diffraction peaks, Ak, could be used to obtain quantitative information about the structure of the two adsorbate layers.
IV. SUMMARY AND DISCUSSION
We have investigated the scattering dynamics of a photofragment H-atom at a LiF( 001) surface, formed by photodissociation of an adsorbed HBr molecule using a realistic potentia1.4'24 Since hydrogen has a light mass, quantum effects such as diffraction were expected and observed, even though at these high energies the classical trajectory approximation used in other papers of this series is reasonable.
Although this is a model study, similar to that of Ref.
8, yet with a realistic potential, qualitative predictions for experiment can be made. The main emphasis in these 2D quantum scattering calculations has been on the observed angular distributions of the asymptotic wave functions. Several general features were found which linked the angular distribution of the desorbing H-atom to the structure of the adsorbate-surface system. In the following we summarize and discuss these features.
For a single adsorbate at the calculated equilibrium tilt angle of 8= 115", and equilibrium separation from the surface, it was found that the scattering angle 8' for the H-atom was basically the same as that obtained using classical dynamics.4 A single peak was found in the forward direction at an angle less than specular. The dependence of the peak in the product angular distribution, 6bk, on the excess energy, E,,, was very similar in the 2D quantum and the 3D classical studies for E,, in the range 1.5-2.5 eV. However, at the lower initial translational energy of the incident H-atom, corresponding to E,,=: 1 eV the value 13h, obtained quantally was substantially less than classically and, therefore, even further removed from the specular angle (Figs. 6 and 7) .
The angular distribution of the asymptotic wave function was found to be sensitive to Eex and to the initial tilt angle, 8, of the molecular axis. The width of the angular distribution increased for decreasing Eex (Fig. 6 ). This can be understood in terms of the fact that at lower energy, the wave packet had a greater spread at the point of interaction with the surface. As the molecular axis of the photolyzed HBr was tilted more steeply, Okeak decreased, i.e., the product was reflected nearer to the surface normal. This was also in agreement with the classical results.4 The location 0f ebk was also found to be sensitive to the horizontal position of the photolyzed HBr, which emphasizes the local character of LAS, since the horizontal position determined the region of the surface on which the H-atom impacts.
When the adsorbate-surface vertical separation was increased by 0.4 A in the single HBr adsorbate case diffraction peaks were obtained. This is of interest since this is approximately the height above the surface predicted for HI on LiF(O01).7 High-and low-intensity features were observed for this larger H-adsorbate separation. The highintensity peaks could be attributed to scattering from the corrugated surface. The broader low-intensity peaks were due to the existence of an unstable periodic orbit for an H-atom trapped between its parent Br and the nearest surface fluorine ion. The displacement in momentum space between these diffraction peaks, combined with the quantization rules of the periodic orbit, will enable an experimental determination of the adsorbate-surface distance and geometry.* The energy and angular distributions were shown to be sensitive to the identity of the halide adsorbed. In the case of HF, for which the adsorption geometry was perpendicular to the crystal surface, a complicated diffraction pattern was obtained in which two main Ak values were linked to two predominant periodic orbits corresponding to an H-atom trapped in F-H-Li+ and F-H-F-(the ion being the surface atom).
At one monolayer HBr coverage the observed angular distribution of the desorbing H-atom exhibited a diffraction pattern which in this simple 2D model reflected only the presence of a nearest-neighbor HBr molecule on the crystal surface. Since the HBr-HBr interaction in the adsorbed state is attractive,24 it is expected that even at low coverages small islands will form.5*6 Diffraction patterns of submonolayer islanded coverage would be indistinguishable from a full monolayer in this 2D model. The expectation based on 3D classical calculations is, however, that in reality H will penetrate beyond the nearest-neighbor HBr and the true 3D diffraction pattern will differ as between a pair of adsorbate molecules and a monolayer coverage.
When a full adsorbate monolayer was z-shifted by only 0.2 A, a diffraction pattern was observed at low energy (E,,= 1.0 eV>, whereas no diffraction was seen at this energy for the equilibrium separation. This was attributed to the existence of unstable periodic orbits of the hydrogenic wave function between the surface, the neighboring Br center, and the parent Br-atom.
Finally, we reported results for photolysis occurring in the top layer of two layers of HBr adsorbed on LiF(OO1). Since the symmetry of the bridge sites where the second layer is located is such that they do not intersect the ( 111) plane of this 2D calculation, the location of the second layer could only be modeled approximately. However, ample evidence of trapping, with scattering features due to periodic orbits, was observed.
We conclude that localized atomic scattering (LAS) will under a variety of circumstances give rise to diffraction effects which can be used to reveal the geometry of the adsorbate and its position relative to the substrate. Unlike TEAS, LAS will allow the experimentalist to probe one or two layers into the adsorbate. Diffraction patterns obtained through LAS have yet to be seen experimentally. However, given adequate resolution and an adsorbate in register with the surface they should be detectable. At low enough temperatures, it should be possible to pre-position the scattering projectile with sufficient localization that it samples a small and well-defined region of the surface or coadsorbate. The magnitude of the initial wave vector can then be controlled by changing the excitation wavelength and the orientation by selection of the precursor or a coadsorbate molecule. We believe that LAS will become a valuable tool in the exploration of adsorbates and the underlying substrates.
